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We investigate the role of electron-phonon scattering and gate bias in degrading the drive current of
nanotube field-effect transistors 共FETs兲. Optical phonon scattering significantly decreases the drive
current only when gate voltage is higher than a well-defined threshold. For comparable
electron-phonon coupling, a lower phonon energy leads to a larger degradation of drive current.
Thus in semiconductor nanowire FETs, the drive current will be more sensitive than in carbon
nanotube FETs because of the smaller phonon energies in semiconductors. Acoustic phonons and
other elastic scattering mechanisms are most detrimental to nanotube FETs irrespective of biasing
conditions. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2218322兴
Interconnects and field-effect transistors 共FETs兲 based
on, respectively, metallic and semiconducting carbon nanotubes 共CNTs兲 have received considerable attention over the
last five years because their performance metrics make them
promising electronic devices. Experiments have established
that transport in metallic carbon nanotube wires is close to
the ballistic limit at biases smaller than approximately
100 meV.1,2 At larger biases, the current carrying capacity of
metallic nanotubes is far from ballistic due to zone boundary
and optical phonon scattering.3–6 For nanotube FETs, experiments have demonstrated near-ballistic transport7 and oncurrent performance that exceeds that of silicon transistors.7,8
Our objective in this letter is to provide insight into how
various electron-phonon scattering mechanisms and the applied gate bias affect the on current of a carbon nanotube
FET. Recent work showed that elastic scattering can strongly
degrade the on current but strong optical phonon scattering
may have little effect.9 This work extends prior work9–14 by
examining the phonon modes most likely to couple to electrons, by using a fully quantum mechanical approach, and by
exploring the gate bias dependence of electron-phonon scattering in a CNT metal-oxide-semiconductor field-effect transistor 共MOSFET兲. We show that the radial breathing mode
may play an important role in some experiments, and the
gate bias dependence displays a clear threshold effect. We
confirm that the on current of a CNT MOSFET is much more
sensitive to elastic scattering than to inelastic scattering.
The current-voltage characteristics are calculated using
the nonequilibrium Green’s function 共NEGF兲 approach,15
where the charge density is calculated using the efficient algorithm of Ref. 16. The NEGF transport equations are solved
in mode space using the  orbital tight binding Hamiltonian,
self-consistently with Poisson’s equation.17 Electron-phonon
scattering is treated within the mode space approach in a
manner similar to that in Refs. 9 and 16, but we carefully
consider both the longitudinal 共L兲 and transverse 共T兲 optical

phonon 共OP兲 and acoustic phonon 共AP兲 branches, and the
radial breathing modes 共RBMs兲.18 In this letter we disregard
the real part of the self-energy and focus on the imaginary
part which describes scattering.
The CNT MOSFET structure employed in this study is a
共13,0兲 zigzag CNT with band gap EG = 0.8 eV and channel
length LG = 20 nm, and high-k HfO2 cylindrical gate with
k = 16 and thickness tox = 2 nm. Source and drain doping is
1.5 dopant atoms/nm 关for comparison, 共13,0兲 CNT has 122
carbon atoms/nm兴. The lowest electronic subbands in the
共13,0兲 nanotube correspond to two degenerate valleys with
azimuthal quantum numbers m = 9 and m = 17. Therefore the
phonons with azimuthal quantum numbers of m = 0 cause
intravalley transitions, and phonons with m = 8 cause the intervalley transitions 共also know as zone-boundary scattering兲. For moderate biases, electrons are concentrated close to
the band minima, and we can consider phonons with q ⬇ 0
共long wavelength兲. The optical and RBM phonon modes
considered in this study are calculated according to Ref. 18,
and the corresponding electron-phonon coupling 共EPC兲 constants are summarized in Table I. The electron-phonon coupling strengths for these modes in an 共n , 0兲 zigzag CNT are
determined by

TABLE I. Phonon modes and corresponding coupling parameters used in
this study.

Phonon mode

Energy
共meV兲

Coupling strength
共10−3 eV2兲

Intravalley LO
Intravalley RBM
Intervalley TA/LOa
Intervalley LO/TAa

195
28
156
183

23.25
0.95
0.19
44.64

a
a兲
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Zone-boundary phonon modes that mediate intervalley scattering are found
to be a mixture of fundamental polarizations.
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FIG. 1. 共Color online兲 IDS-VDS under ballistic transport and phonon scattering for VGS = 0.4, 0.5, and 0.6 V. Curves are grouped by VGS for clarity. The
inter-TA/LO mode 共not shown above兲 does not affect the ballisticity in the
above voltage bias range.

Re−OP =

ប兩M OP兩2J21
,
2nmCOP

共1兲

where mC is the mass of a carbon atom, the deformation
potential J1 = 6 eV/ Å, OP is the frequency of the phonon
mode, and the reduced matrix elements 兩M OP兩2 are calculated
according to Ref. 19. The scattering self-energies are determined according to Ref. 15.
For the case of acoustic phonons 共with energy close to
zero for the considered phonon momenta兲 the electronphonon coupling strength is determined by20
Re−AP =

2
k BT
DAP

nmCvL2

,

共2兲

where the deformation potential for acoustic phonons is
DAP = 3J0 and the speed of sound vL = 21.1 km/ s.20 The en−1
共E兲, is given by
ergy dependent scattering rate, AP
−1
AP
共E兲 = 2Re−AP⌬xDOS共E兲/ប,

共3兲

where DOS共E兲 is the local density of states per spin state per
band valley,15 and the carbon-carbon bond length is
aCC = 1.42 Å. Green’s functions are normalized per ring of a
zigzag nanotube, each containing n atoms. The average distance between the rings is ⌬x = 3aCC / 4 and the relation between the density of state and the electron and hole Green’s
functions is DOS= 共Gn + G p兲 / 2⌬x. Note that the highenergy mean free path for optical or acoustic phonon scattering, related to coupling constant via the hopping parameter
J0 = 3 eV,19
hi =

3aCCJ20
2Re−P

共4兲

has a clear meaning only for the linear portion of the electronic dispersion curve at large energies or for metallic nanotubes. The effective mean free path depends on the density of
states and Fermi filling factors and could be much smaller
than hi near the band edge of semiconducting CNTs.
We first consider the role of scattering in influencing the
IDS-VDS characteristics for various phonon modes with nonzero energy 共Fig. 1兲. We find that the reduction of drain

FIG. 2. 共Color online兲 Ballisticity 共Iscat / Iballist兲 vs FS under phonon scattering at VDS = 0.4 V. Here, FS is the energy difference between the source
Fermi level and the channel injection barrier. Negative 共positive兲 FS corresponds to small 共large兲 VGS values. VGS is varied from 0.2 to 0.8 V in steps
of 0.05 V. Inset: at large VGS ballisticity decreases due to OP emission.

current due to scattering increases with gate bias. This bias
dependence is better understood by examining the ballisticity
共defined as the ratio between current under scattering and the
ballistic current, Iscat / Iballist兲 as shown in Fig. 2. Ballisticity is
plotted against FS, the energy difference between the source
Fermi level and the channel injection barrier. 共The significance of FS is explained by the inset of Fig. 2.兲 Under
ballistic operation at a fairly large drain bias, only the positive going states in the channel region are filled by the source
Fermi distribution. In order for electrons to backscatter due
to phonon emission, two main requirements must be satisfied: 共1兲 the positive going electrons should be higher than
the band edge by at least the amount of phonon energy and
共2兲 there should be an empty negative going state that the
electron can backscatter into. Note that it is the scattering in
the channel that matters most. When electrons reach the
drain region they can emit optical phonons and scatter into
empty low-energy states. However, if the phonon energy is
large, such backscattered electrons would not have enough
energy to cross over the channel injection barrier and reach
the source region, and the scattering process has a minimal
effect on steady-state current transport.9,21
Under low VGS, the conduction band edge in the channel
is above EFS, and FS ⬍ 0. The electronic states in the channel with much higher energies than the source Fermi energy
共EFS兲 are occupied with an exponentially decaying tail of the
Fermi distribution. Thus only a small fraction of the electrons crossing the barrier has enough energy to experience
scattering by an optical phonon. This corroborates the
results9 that ballisticity for optical phonons can be close to
unity. Note in Fig. 2 that for negative FS, lower energy
phonons, especially with energies comparable to thermal energy, kBT 共e.g., 28 meV intravalley RBM兲, cause a larger
decrease of current, since they can scatter back to the source,
overcoming the channel injection barrier.21 The importance
of RBM scattering in CNTs for carrier transport has recently
been reported.20,22,23 Experimentally, the effect of various
phonon modes on current transport can be manifested by
comparing suspended and covered nanotube transistors.24 In
the former, all phonon modes are present. In the latter, the
out-of-plane phonon modes 共RBM兲 are likely to be effec-
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FIG. 3. 共Color online兲 Ballisticity 共variables same as in Fig. 2兲 under acoustic phonon scattering for various high-energy mean free paths 关hi from Eq.
共4兲兴. hi = 640 nm corresponds to the theoretically determined electronphonon coupling from Eq. 共2兲.

tively clamped. Thus we expect transport to be more ballistic
and current to be higher in transistors with covered nanotubes. As discussed in Ref. 23, the presence or absence of the
RBM may explain recent experiments.24
On the other hand, for higher VGS when FS ⬎ 0, a significant fraction of electrons crossing the channel injection
barrier is backscattered by every phonon mode present. As a
result, the ballisticity decreases significantly when FS 艌 ប.
Examining Fig. 2 confirms that the onset of ballisticity roll
off for progressively higher phonon energies occurs at increasingly larger gate biases. As stated in Table I, the higher
energy phonons 关e.g., intervalley longitudinal optical and
transverse acoustic 共LO/TA, 183 meV兲 and intravalley LO
共195 meV兲兴 have greater electron-phonon coupling constants. This results in a greater decrease of current 共i.e., lower
ballisticity兲 due to scattering via these phonon branches at
larger VGS, once such scattering becomes effective.
Figure 2 also shows the ballisticity when all phonon
modes of Table I are simultaneously active 共“all modes”兲. In
most of the cases, the decrease of current is a combination of
decrease from each mode. The interesting exception is that
ballisticity for all modes is higher than for the 28 meV RBM
alone at low gate bias. In the case of low-energy phonons,
such as the 28 meV RBM, backscattering near the drain region leaves carriers with enough energy to cross the channel
barrier and to reach the source region, thereby contributing
to reduction of ballisticity. But, in the presence of highenergy phonons, carriers near the drain are scattered again
into lower energy states that cannot overcome the channel
barrier, thus enhancing the overall ballisticity.
Finally, we discuss ballisticity under acoustic phonon
scattering. For elastic scattering, experimentally deduced
mean free paths for metallic CNTs are reported to be anywhere from 300 nm to more than 1 m.3–5 They could potentially include contributions from other types of elastic
scattering mechanisms as well. The high-energy mean free
paths 共hi兲 investigated in this study, listed in Fig. 3, are for
the lower and upper bounds of experimental data as well as
for the theoretical value, hi = 640 nm, from Eqs. 共2兲 and 共4兲
for the case of 共13,0兲 CNT. It is interesting that the overall
change in ballisticity with elastic scattering 共Fig. 3兲 is very
different from that in the inelastic scattering case 共Fig. 2兲.

The ballisticity with only acoustic 共elastic兲 phonon scattering
increases by about 5% with gate bias while inelastic scattering causes the ballisticity to decrease with gate bias. The
reason for this is that at low VGS 共off state兲 the current is
primarily determined by carriers at the conduction band edge
of the channel injection barrier. Due to the large density of
states near the conduction band edge in one-dimensional
共1D兲 systems 共Van Hove singularity兲, such carriers experience a higher scattering rate as indicated by Eq. 共3兲. Therefore, they have a smaller effective mean free path compared
with the channel length, resulting in a reduction in the ballisticity. At large VGS, however, a significant fraction of carriers occupy states well above the conduction band edge
where the scattering rate is much lower, resulting in an increase in ballisticity. It is quite surprising that the ballisticity
is as small as 0.77 when the high-energy mean free path 关hi
from Eq. 共4兲兴 is about 15 times larger than the channel
length. Nevertheless, such reduction of the current can be
attributed to 1D nature of transport where each elastic scattering event amounts to backscattering of the carriers.9,21
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